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a b s t r a c t 
Emergence of products that feature functional surfaces with complex geometries, such as freeform optics in con- 
sumer electronics and augmented reality and virtual reality, requires high-accuracy non-contact surface measure- 
ment. However, large discrepancies are often observed between the measurement results of optical methods and 
contact stylus methods, especially for complex surfaces. For interference microscopy, such as coherence scanning 
interferometry, the three-dimensional surface transfer function provides information about the instrument spa- 
tial frequency passband and about lens aberrations that can result in measurement errors. Characterisation and 
phase inversion of the instrument’s three-dimensional surface transfer function yields an inverse ﬁlter that can be 
applied directly to the three-dimensional fringe data. The inverse ﬁltering is shown to reduce measurement errors 
without using any data processing or requiring any a priori knowledge of the surface. We present an experimental 
veriﬁcation of the characterisation and correction process for measurements of several freeform surfaces and an 
additive manufactured surface. Corrected coherence scanning interferometry measurements agree with traceable 
contact stylus measurements to the order of 10 nm. 
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0. Introduction 
Interference microscopy oﬀers non-contact, high-speed and high-
esolution measurement of three-dimensional (3D) surface topography
or advanced manufacturing research and industrial applications [ 1 , 2 ].
nterference microscopy combines an interferometric objective lens with
 wide-ﬁeld microscope to realise high-resolution holographic recon-
truction of the scattered electromagnetic ﬁeld within the region of an
bject [ 1 , 3 ]. Surface topography can then be derived from the recon-
tructed ﬁeld [ 1 , 2 ]. The major modalities of interference microscopy
nclude coherence scanning interferometry (CSI) and phase-shifting in-
erferometry [ 1 , 2 ], and the closely-related techniques, digital hologra-
hy microscopy and optical coherence tomography [3] . In this paper,
e focus on the CSI technique which is of particular interest as it of-
ers wide-ﬁeld imaging with an optical sectioning capability aﬀorded
y a spectrally broadband source. In CSI, the instrument scans along
he optical axis of the system, and interference takes place only within a
indow of a few micrometres of the zero optical path diﬀerence of the
nterferometer, determined by the coherence length. Commercial CSI
nstruments achieve measurement noise levels below a nanometre [4] .
hese features allow CSI to measure a variety of surface types, from op-∗ Corresponding author. 
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143-8166/© 2020 The Authors. Published by Elsevier Ltd. This is an open access arically smooth to rough, such as semiconductor devices [5] , optical com-
onents [6] , automotive parts [7] , as well as applications that involve
easurement of transparent ﬁlm structures [ 8 , 9 ] and crystallographic
nalysis [10] . 
The theoretical instrument response of CSI to ﬂat and smooth sur-
aces is well understood, and the instrument can be calibrated with
onﬁdence using calibration methods outlined in international stan-
ards, e.g. step height and optical ﬂats [11] . Complex functional sur-
aces [12] , such as additive manufactured (AM) parts [13] and aspheric
nd freeform surfaces [14] , are characterised by spatial wavelengths on
oth macro- and micro-scales and can present a challenge. For such sur-
aces, measurement errors are often found to be signiﬁcantly larger than
hose when measuring a relatively ﬂat surface [15–18] . 
A recent study shows that an ideal CSI instrument (diﬀraction-
imited) should be capable of achieving nanometre accuracy when mea-
uring surfaces with varying slopes and spatial frequencies [19] . How-
ver, optical instruments do not have an ideal response and always ex-
ibit a degree of aberration. The retrace error [ 20 , 21 ], the eﬀects of de-
ocus [22] , lateral distortion [23] , dispersion [ 24 , 25 ], as well as other
igh order aberrations are responsible for slope-, curvature- and spatial
requency-dependent errors in surface measurement with CSI. 11 January 2020 
ticle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Table 1 
Speciﬁcations of the sphere measurements. 
Sphere A2 A5 B39 B45 
Diameter/ 𝜇m 102.0 106.6 39.4 45.0 
Coating Yes No 
Lateral and vertical 
sizes ∗ of the 
window W ( r ) / 𝜇m 
( x,y ) ( z ) ( x,y ) ( z ) 
20.3 5.2 11.6 3.0 
23.1 5.9 14.5 3.7 
26.0 6.7 17.4 4.5 
Rotation/° 0, 90, 180, 270 ∗∗ 
No. of repeats 3 
∗ Standard deviation. See Section 2 for the deﬁnition of W ( r ). 
∗∗ Sphere A2 is also measured at (45, 135, 225, 315)°
Table 2 
Nominal (as-designed) speciﬁcations of the surfaces. 
R521 R527 R525 
Form Sine wave Sine wave Sine wave 
Pitch/ 𝜇m 15 100 135 
Peak-to-valley amplitude/ 𝜇m 1.6 10 19 
Fig. 1. SEM images show the micro textures in surfaces R521, R525 and R527. 
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c  Current error correction methods are based on post-processing or
ltering of the surface height or phase data that is calculated from the
ringe data. For example, the correction can be achieved by ﬁltering the
oherence proﬁle and unwrapping or connecting the phase gap between
he phase and coherence proﬁles [ 18 , 26 , 27 ]. Alternatively, a look-up
able that is generated by measuring a reference artefact with varying
lopes at diﬀerent locations of the ﬁeld of view can be used to correct
he surface height errors pixelwise. 
As a linear system, however, it is possible to compensate for lens
berration in CSI by correcting the raw fringe data without using either
igital post-processing or introducing any physical upgrade to the in-
trument. To do so, information about the instrument response or trans-
er function is required. Several diﬀerent transfer functions have been
iscussed with reference to the performance of CSI. From a user per-
pective, the instrument transfer function (ITF) is most important as it
elates the spatial frequencies that characterise the instrument response
i.e. the surface measurement) to those that characterise the surface
eight [28] . For the case of a near planar object (surface height dis-
ontinuities <𝜆/10 and surface slopes well within the acceptance range
f the objective numerical aperture [NA]), it is straightforward to show
hat CSI behaves linearly and that the ITF may be estimated from the
wo-dimensional optical transfer function (OTF) that relates the spatial
requencies in the optical ﬁeld scattered by the object to those in the
ptical ﬁeld recorded by the instrument [29] . However, CSI is more
idely applicable to three-dimensional (3D) surfaces with signiﬁcantly
reater height deviation, motivating a more comprehensive analysis of
D imaging. 
The characterisation of 3D imaging systems as linear ﬁltering opera-
ions has been considered by many researchers [ 3 , 30–35 ]. In general, 3D
maging requires the combination of two or more interferometric mea-
urements of the optical ﬁeld scattered from an object with diﬀerent
llumination conditions or equivalently, by measuring the interference
bserved as the object is scanned through focus. In this way, the spatial
requencies that deﬁne the interference signal recorded by CSI can be
elated to those of a 3D object either deﬁned volumetrically by refrac-
ive index contrast [ 3 , 31 , 36 ] or as a surface deﬁned by the position at
he interface between two homogenous media that we refer to as “foil
odel ” of the surface [37] . 
Noting that the same instrument can be characterised by diﬀerent
ransfer functions applied to diﬀerent mathematical representations of
he object, to avoid confusion, we henceforth refer to 3D volume and
urface transfer functions as 3D VTF and 3D STF, respectively (we have
reviously referred to the 3D STF as simply the 3D transfer function
 19 , 22 , 37 ]). The subtle diﬀerence between the two is the weighting
unction before the integrand in Eq. (32) of reference [37] , originat-
ng from the deﬁnition of the foil function, where the surface is deﬁned
y a Dirac delta function in the z -direction. Sheppard reports the same
eighting function for the surface scattering process under the Kirchhoﬀ
pproximation [38] (also known as the Kirchhoﬀ theory of scattering
39] ). The foil model, which is derived based on the Kirchhoﬀ approx-
mation, is valid when the radius of curvature of the surface is much
arger than the wavelength, and the slope angle is suﬃciently small,
o that shadowing eﬀects or multiple scattering are negligible [ 38 , 39 ].
hese criteria are conceptually equivalent to a “smooth ” surface, as op-
osed to a “rough ” surface that generates random speckle patterns in
he pupil of the objective lens. 
In a previous paper, measurement and correction of the 3D STF for a
SI instrument was proposed and some proof-of-principle experiments
emonstrated that it is possible to characterise the 3D STF of a CSI in-
trument by measuring a precision microsphere, which has a diame-
er much larger than a wavelength [40] . Although the potential of the
ethod has been demonstrated, the feasibility and validity of the foil-
odel based characterisation method has not been veriﬁed with “real-
orld ” surfaces. 
In this paper, we demonstrate and evaluate a method that is based
n the fundamental theory of 3D imaging, to measure and compensatehe eﬀective lens aberration in CSI by correcting the 3D fringe data, to
nhance the accuracy for CSI measurements of complex surfaces with
arying slopes and spatial frequencies. 
. Theory 
Within the validity regime of the foil model, the imaged light ﬁeld
f CSI in the 3D spatial frequency domain ( k -space) is written as 
 ̃( 𝐤 ) = Δ̃𝐹 ( 𝐤 ) ?̃? 𝐹 ( 𝐤 ) , (1)
here Δ̃𝐹 ( 𝐤 ) is the Fourier transform of the foil function of the surface
hich is deﬁned in the 3D spatial domain by [37] 
𝐹 ( 𝐫 ) = 4 𝜋𝑗 𝑅𝑊 ( 𝐫 ) 𝛿
[
𝐫 ⋅ ?̂? − 𝑠 ( 𝑥, 𝑦 ) 
]
, (2)
here 𝑗 = 
√
−1 , and W ( r ) is a window function associated with the
pace-limited surface area that is eﬀectively illuminated by the opti-
al system. The Dirac delta function 𝛿( ∙) is used to deﬁne the geometry
R. Su, M. Thomas and M. Liu et al. Optics and Lasers in Engineering 128 (2020) 106015 
Fig. 2. Experimentally characterised 3D STF of the CSI system. Row I shows the cross-sectional slices of the normalised magnitudes of the 3D STFs. Row II shows 
the corresponding phases. Row III shows the magnitudes of the in-pupil STFs. Row IV shows the corresponding phases. Row V and VI show the 1D proﬁles of the 
magnitudes and phases of the experimental in-pupil STFs. (A, F, K, P) ideal (diﬀraction-limited) case. (B, C, G, H, L, Q) the 3D STF and in-pupil STF obtained using 
B-type spheres. (M, R) the corresponding standard deviations of the in-pupil STFs. (D, E, I, J, N, S) the 3D STF and in-pupil STF obtained using A-type spheres. (O, T, 
U) the corresponding standard deviations of the in-pupil STFs. (U) is obtained when sphere A2 was rotated at 45°, 135°, 225° and 315°. (V, W, X and Y) the proﬁles 
are taken along the k x and k y axes as marked in (L, N, Q and S). 
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t  f the foil along the optical axis, ?̂? , depending on the surface height
unction, s ( x,y ). ?̃? 𝐹 ( 𝐤 ) is the 3D STF given by Eq. (32) in [37] . 
The inverse ﬁlter is calculated through a simple phase inversion of
he 3D STF, 
̃
 𝑖𝑛𝑣 ( 𝐤 ) = exp 
[
− 𝑗 ⋅ ∠?̃? 𝐹 ( 𝐤 ) 
]
. (3)
The CSI fringe data of a surface is then modiﬁed by multiplying the
nverse ﬁlter with the 3D Fourier transform of the original fringe data in
he spatial frequency domain, followed by an inverse Fourier transform
o return the modiﬁed fringe data in the spatial domain, i.e. 
′ −1 { ̃ ̃ }
 ( 𝐫 ) =  𝐼 ( 𝐤 ) ×𝐻 𝑖𝑛𝑣 ( 𝐤 ) . (4) . Materials and methods 
.1. Precision microspheres 
To characterise the 3D STF, we have investigated the use of four
ilica spheres that were manufactured by two diﬀerent methods, are of
arying size and are repeatedly measured at diﬀerent rotational angles.
he speciﬁcations of the spheres are given in Table 1 . 
The A-type spheres were produced using femtosecond laser struc-
uring combined with a subsequent step of CO 2 laser melting. This
ethod is known as ‘laser morphing’ and is further described in ref-
rences [ 41 , 42 ]. The radius of the A-type sphere was determined using
n interferometric radius measurement procedure on an interferometer
a Twymann-Green interferometer). The spheres are coated with silver
o enhance reﬂectivity. The radius is measured as the distance between
R. Su, M. Thomas and M. Liu et al. Optics and Lasers in Engineering 128 (2020) 106015 
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Fig. 3. Experimentally characterised 3D PSF of the CSI system. (A, B) Cross- 
sectional slices through the origin of the original 3D PSF in the x-z and x-y 
planes, respectively. (C, D) Cross-sectional slices of the 3D PSF after the inverse 
ﬁltering. (E) Interferogram proﬁles along the axial direction at x,y = 0 before 
and after the inverse ﬁltering. (F) Proﬁles along the horizontal directions at z = 0 
before and after the inverse ﬁltering. 
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s  he so-called cat’s eye position, where the focus of the interferomet-
ic objective coincides with the vertex of the sphere, and the null test
osition of the sphere, where the focus of the interferometer objective
oincides with the centre of curvature of the sphere. The radius is the
isplacement between the two positions, measured with a displacement
easuring interferometer that uses a frequency stabilised helium-neon
aser at 633 nm. 
The B-type spheres are commercially available and produced by
elting non-spherical SiO 2 particles in plasma to form spherical
roplets, and then cooled to obtain solid spheres. As the B-type spheres
irectly sit on top of an optical ﬂat, the diameters were measured as
he distance between the top of the sphere and the surface of the op-
ical ﬂat. The standard deviation of the ten repeated diameter mea-
urements is smaller than 10 nm. The inﬂuence of the accuracy of
he diameter and sphericity on the 3D STF has been demonstrated
lsewhere [19] . 
.2. Surface measurement 
In this work, we characterised and corrected a commercial CSI instru-
ent with a Mirau objective lens (0.55 NA), 0.174 μm lateral sampling
istance, 1000 × 1000 lateral sampling points, 0.56 𝜇m central wave-
ength and bandwidth of approximately 100 nm (full width at half maxi-
um). The ﬁeld-dependent lateral distortion of the instrument was mea-
ured and corrected using a previously reported self-calibration tech-
ique [23] . In principle, our proposed technique can be applied to any
SI instrument. 
Three reference surface samples (material measures manufactured
y Rubert & Co Ltd, see Table 2 for speciﬁcations) and an AM surface
ere used for validating the error correction method of surface mea-
urement. Surfaces R521 and R527 have similar slope distributions but
iﬀerent spatial frequencies. R525 has a similar pitch as R527 but its
aximum slope is close to the acceptance angle of the NA of the in-
trument. As shown in Fig. 1 , the sinusoidal surfaces not only feature
arying slopes but also varying spatial frequencies and microscale ma-
hining marks. The AM surface of a Ti-6Al-4V sample was made using
he electron beam powder bed fusion (EBPBF) technique (see [43] for
ore details). The roughness of this type of surface is usually of the order
f several micrometres or higher. These surfaces are well-known chal-
enges for optical instruments and are good representatives of surfaces
n real-world applications. 
A stylus instrument (Talysurf Intra 50) was used to provide reference
easurements of these surfaces. The tip radius of the stylus is 2 μm. The
easurement noise (root-mean-square [RMS] value) is 12 nm, which
as evaluated using an optical ﬂat by following the standard calibration
rocedure [44] . The primary proﬁle length of the stylus measurement
as 5 mm for the three sinusoidal surfaces. Each of the proﬁles was split
nto ten segments from which the mean proﬁle and the standard devi-
tion were calculated. The mean proﬁles of the stylus measurements
ere used for comparison, such that the impact of topographic outliers
f the surface, e.g. dust particles, can be minimised. The reproducibil-
ty of the stylus measurements, calculated as the root sum of squares
f the standard deviation value and the noise, are 30 nm, 30 nm and
4 nm for R521, R525 and R527, respectively. The response of the sty-
us instrument to these surfaces is not expected to be aﬀected by the
lope-dependent errors experienced by the optical instrument thanks to
he large pitch of the surface structure relative to the tip radius of the
tylus. 
To quantitatively compare the surface measurement results obtained
y the optical and stylus instruments, surface proﬁles are extracted from
iﬀerent positions of the CSI areal topography maps and compared with
he stylus-measured proﬁles. A registration algorithm that can specify
ny degrees-of-freedom [45] is used to match and register the proﬁles
or direct comparison. . Result and analysis 
.1. Characterisation of 3D STF 
The 3D STF can be calculated by dividing the 3D fringe data of a
pherical cap by the corresponding foil function in the spatial frequency
omain [see Eq. (1) ]. In implementing the numerical calculation, the
indow function in Eq. (2) , W ( r ), is deﬁned using a 3D Gaussian func-
ion with appropriate widths in the spatial domain to limit the foil func-
ion to the spherical cap of interest, and the Dirac delta function is ap-
roximated by a one-dimensional (1D) Gaussian function along the sur-
ace height direction ( z -direction) and has a suﬃciently small width. 
The experimentally determined 3D STFs of the CSI instrument ob-
ained by measuring the four spheres are shown in Fig. 2 . To minimise
he characterisation error that may be caused by the size uncertainty,
sphericity of the sphere [19] or other statistical error sources, we mea-
ured the spheres three times at four rotation angles (twelve measure-
R. Su, M. Thomas and M. Liu et al. Optics and Lasers in Engineering 128 (2020) 106015 
Fig. 4. Measurements of surface R521. (A) 3D plot of the CSI-measured areal topography. (B) Slope angle distribution calculated from the 1D numerical gradient of 
the stylus proﬁle. (C) CSI- and stylus-measured proﬁles (oﬀset by 1 𝜇m for display purposes): (1) original CSI measurement, (2-4) CSI measurements modiﬁed based 
on the ﬁeld-dependent 3D STFs, (5) ﬁnal result of the inverse-ﬁltered CSI measurement, (6) bandwidth matched and inverse-ﬁltered CSI measurement, (7) mean 
value of the stylus-measured proﬁles. (D) Surface height diﬀerences (oﬀset by 0.5 𝜇m) between CSI- and stylus-measured proﬁles (8,9,10) and the standard deviation 
of stylus-measured proﬁles (11), where the dashed line indicates the 30-nm reproducibility of the stylus measurement. Note that all CSI proﬁles are calculated using 
both coherence proﬁle and phase information, referred to as “high-precision CSI proﬁle ”. 
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i  ents for each sphere). The measured 3D fringe data were processed
sing three diﬀerent window sizes (see Table 1 ). Subsequently, seventy-
wo 3D STFs were obtained from the measurements of the A- and B-type
pheres, respectively. 
The 3D STF is a complex-valued quantity. Its magnitude determines
he spatial frequency passband of the CSI, and the peak modulation of
he magnitude is located at approximately the spatial frequency 2/ 𝜆0 
n the k z axis, where 𝜆0 is the central wavelength of the light source
n air. The 3D STF of an ideal instrument (diﬀraction-limited) should in
rinciple be rotationally symmetric about the k z axis. 
To make it easier to visualise and compare the measured 3D STFs,
e evaluate the mean and standard deviation of the in-pupil STF which
s calculated by integrating the 3D STF over the axial spatial frequency z for each lateral spatial frequency k x and k y [ 30 , 35 ]. In this way, the
n-pupil STF is similar to the in-pupil (2D) OTF that can be found at the
ack focal plane of the objective lens [29] . 
The magnitude of the experimental 3D STF [ Fig. 2 (B), (C) and (L)]
btained using the B39 and B44 spheres deviates from the ideal magni-
ude [ Fig. 2 (A) and (K)]. The degraded magnitude is likely to be due to
he combined eﬀect of defocus, high order aberrations and the central
bstruction due to the presence of the reference mirror in the optical
xis of the Mirau objective. 
The magnitude is eﬀectively the weighting factor that determines
he impact of the phase value on the measurement result. The phase
f the real instrument [ Fig. 2 (G), (H) and (Q)] deviates from zero,
.e. the ideal case [see Fig. 2 (F) and (P)], due to the presence of
R. Su, M. Thomas and M. Liu et al. Optics and Lasers in Engineering 128 (2020) 106015 
Fig. 5. Measurements of surface R527. (A) 3D plot of the CSI-measured areal topography. (B) Slope angle distribution calculated from the stylus proﬁle. (C) CSI- 
and stylus-measured proﬁles. (D) Surface height diﬀerences between CSI- and stylus-measured proﬁles and the standard deviation of stylus-measured proﬁles, where 
the dashed line indicates the 24-nm reproducibility of the stylus measurement. 
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p  ptical aberrations. The departure and variation of the phase be-
ome relatively larger at the edges of the passband but its impact on
he measurement result is limited as the corresponding magnitude is
mall. 
The asymmetry in both magnitude and phase is probably caused by
he tilt and decentration of the optical components and other asymmet-
ic aberrations in the optical system, and indicates that the optical sys-
em would perform diﬀerently along diﬀerent directions in terms of res-
lution and measurement accuracy. 
The standard deviation of the seventy-two 3D STFs obtained us-
ng spheres B39 and B44 is plotted in Fig. 2 (M) and (R). The mean
alues of the standard deviations for the normalised magnitudes and
hases of the corresponding in-pupil STFs are 0.004 (normalised value)
nd 0.06 rad, respectively. That these values are very small provides
vidence that the characterisation result is stable and insensitive to
he changes of the window function, is independent of the spheres,
nd the sphere form error is suﬃciently small. The main cause of the
esidual variations in Fig. 2 (M) and (R) may be the result of the lin-
arity of the axial scanning stage and the environmental mechanical
ibration. 
The 3D STFs that were obtained using spheres A2 and A5 using the
ame instrument working conditions has a magnitude almost identical
o that obtained using the B-type spheres [ Fig. 2 (L), (N), (V) and (W)].
owever, the mean value of the phase slightly deviates from the result
f B-type spheres [see Fig. 2 (Q), (S), (X) and (Y)], and the mean values of
he standard deviation in phase is 0.22 rad [calculated from Fig. 2 (T)],
uch higher than that shown in Fig. 2 (R). The systematic phase variation in Fig. 2 (T) is mainly caused by an
rthogonal anisotropy of the spherical form in the A-type spheres, i.e.
he radius of the sphere slightly varies along two orthogonal horizon-
al directions. This hypothesis was further veriﬁed by measuring sphere
2 at four additional rotation angles, and the phase variation pattern in
ig. 2 (U) rotates with the sphere by 45° relative to Fig. 2 (T). This prob-
em is not surprising as the laser-morphing process started with intrinsi-
ally asymmetric conditions, such as thermal gradient, asymmetric ma-
erial geometry and possible asymmetry in the heating proﬁle. From this
oint, the rest of the experiments were carried out using B-type spheres.
.2. Inverse ﬁltering of 3D PSF 
The experimentally characterised 3D STF is used to calculate the
nverse ﬁlter through phase inversion [see Eq. (3) ]. The 3D impulse re-
ponse of the instrument to the surface, i.e. 3D point spread function
PSF), can be calculated through the inverse Fourier transform of the
D STF ( Fig. 3 ). It can be seen that the asymmetry and skewness of the
riginal 3D PSF in both axial and horizontal directions were corrected
fter applying the inverse ﬁltering. The eﬀects of the aberration com-
ensation on real surface measurement will be shown in Section 4.3 . 
.3. Improved surface measurement 
The CSI-measured areal surface topography of R521, R527 and R525
re shown in Fig. 4 (A), Fig. 5 (A) and Fig. 6 (A), respectively. The to-
ography is calculated pixelwise using the frequency-domain analysis
R. Su, M. Thomas and M. Liu et al. Optics and Lasers in Engineering 128 (2020) 106015 
Fig. 6. Measurements of surface R525. (A) 3D plot of the CSI-measured areal topography. (B) Slope angle distribution calculated from the stylus proﬁle. (C) CSI- 
and stylus-measured proﬁles. (D) Surface height diﬀerences between CSI- and stylus-measured proﬁles and the standard deviation of stylus-measured proﬁles, where 
the dashed line indicates the 30-nm reproducibility of the stylus measurement. 
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S  ethod [ 1 , 27 ] without any ﬁltering processes that connect phases of
eighbouring pixels. The original and inverse-ﬁltered measurement re-
ults are compared with the stylus measurements after alignment. We
se the proﬁles at y = 0 for demonstrating the comparisons, as shown in
ig. 4 (C), Fig. 5 (C) and Fig. 6 (C). The CSI-measured proﬁles extracted
rom diﬀerent y positions were also compared. Similar results were ob-
ained and, therefore, are not shown. 
Considering that a real optical instrument is never precisely shift-
nvariant, the B-type spheres were also placed at two other locations in
he ﬁeld of view, x = ± 60 𝜇m (at y = 0), to characterise the 3D STFs
ocally. We ﬁnd that three locations (i.e. west, central and east) are suf-
cient for our purpose of demonstrating the eﬀectiveness of the inverse
ltering in this paper. Based on Eqs. (3) and (4) , three corresponding
eld-dependent inverse ﬁlters were calculated and applied to the orig-
nal CSI fringe data separately to generate three ﬁltered surface mea-
urements, as shown in proﬁles (2 to 4) of Fig. 4 (C). Compared to the
riginal CSI-measured proﬁle, the measurement errors were eﬀectively
emoved in the west, central and east regions of the ﬁltered proﬁles,
espectively. Then, the ﬁltered proﬁles were merged to generate proﬁle
5) by simply joining the corrected regions of proﬁles (2 to 4), where
he boundaries of the three sub-regions were selected at x = ± 30 𝜇m,
orresponding to approximately 1/3 and 2/3 of the ﬁeld of view. To
ake appropriate comparison with the stylus measurement and match
he spatial bandwidths of the diﬀerent instruments [46] , the corrected
SI proﬁle is low-pass ﬁltered with a 2 𝜇m cut-oﬀ spatial wavelengthsee proﬁle (6) of Fig. 4 (C)]. Note that all CSI proﬁles in Fig. 4 are cal-
ulated using coherence proﬁle to determine the fringe order and phase
nformation to reﬁne the surface height measurement [ 1 , 27 ], here re-
erred to as “high-precision CSI proﬁle ”. 
Fig. 4 (D) shows the diﬀerences between the CSI and stylus measure-
ents and the standard deviation of the stylus measurements. Proﬁle
8) clearly shows the presence of slope-dependent and 2 𝜋 errors (due
o an incorrect estimation of the fringe order by approximately half the
ean wavelength [17] ) in the original CSI measurements. The errors
ostly occur at the upward slopes. Small bumps that periodically ap-
ears in proﬁle (11) imply that the surface contains irregularities and
igh roughness in the regions of upward slopes. 2 𝜋 errors are often re-
oved using post-processing methods, such as phase unwrapping, if the
urface is known to be smooth and continuous. However, the perfor-
ance of such techniques is signiﬁcantly limited for our surfaces that
ontain irregular features and roughness on high slopes. Proﬁles (9) and
10) shows the eﬀective reduction of the errors after inverse ﬁltering.
he mean height deviation of proﬁle (10) is 18 nm. As the comparison
s made using the mean stylus proﬁle, the deviation is mainly caused by
he topographic reproducibility of the manufactured surface, which is
f the order of 30 nm. 
The slope distribution also shows that the upward slopes are steeper
han the downward slopes. In the context of 3D imaging theory, high
lopes may correspond to the high lateral spatial frequencies of the 3D
TF. Based on an approximation, a 20° slope corresponds to a lateral
R. Su, M. Thomas and M. Liu et al. Optics and Lasers in Engineering 128 (2020) 106015 
Fig. 7. CSI measurements of the Ti-6Al-4V AM surface. (A) CSI high-precision 
areal topography. (B) Diﬀerence of the CSI coherence topography before and 
after the inverse ﬁltering. (C) Diﬀerence of the CSI high-precision topography 
before and after the inverse ﬁltering. Proﬁles are extracted through the origins. 
To improve the visibility, the magnitude of colour bar histograms in (B) and 
(C) are plotted in logarithmic scale and a threshold ( − 0.4 𝜇m to 0.4 𝜇m) of the 
height diﬀerence is used which removes outliers that account for 0.3% of the 
total number of measured points. 
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tpatial frequency of 1.22 𝜇m − 1 , calculated as (2/ 𝜆0 ) × sin(20°), where
he magnitude of the in-pupil STF is slightly above 0.2 and the phase
eviates from zero by 0.25 rad, as shown in Fig. 2 (V) and(X). Therefore,
he fringe contrast is reduced in the high slope region and the fringe
attern is distorted due to optical aberrations. 
The same inverse ﬁltering process was used for the case of R527 as
hown in Fig. 5 . This surface has a similar maximum slope angle as the
521 case but a pitch of 100 𝜇m, corresponding to a spatial frequency of
.010 𝜇m − 1 . Proﬁles (1) and (2) are the coherence proﬁles and (3) and
4) show the high-precision CSI proﬁles. By the nature of the surface
econstruction method in CSI, coherence proﬁles do not have 2 𝜋 errors
ut are sensitive to noise, as the coherence envelope is slowly varying
nd its width correlates with the coherence length of the light source. It
s more precise to determine the surface height using the phase informa-
ion as the fringe that carries the height information has approximately
en peaks under that coherence envelope. 
The coherence proﬁle can be signiﬁcantly inﬂuenced by retrace er-
or, dispersion error [ 20 , 24–27 ] and errors that are induced by other
berrations [see proﬁles (7) in Fig. 5 (D)], which causes the incorrect es-
imation of the fringe order and, therefore, cause 2 𝜋 errors in the high-
recision CSI proﬁle [see proﬁles (9)]. It is evident from Fig. 5 (D) that
he inversion of the 3D STF successfully compensates the optical aber-
ations and corrects the fringe order analysis. Consequently, agreement
etween the CSI and stylus measurements is improved. The mean height
eviation of proﬁle (11) is down to 11 nm. 
Fig. 6 shows the result for surface R525 which has a maximum slope
ngle close to the limit of the acceptance angle of the lens determined
y the NA. 2 𝜋 errors appearing in the high slope region are removed,
eaving the mean height deviation of proﬁle (5) in Fig. 6 (D) to 13 nm. 
Fig. 7 shows the CSI measurement of the Ti-6Al-4 V AM surface and
he comparison before and after the inverse ﬁltering. Based on the ﬁnd-
ngs obtained from the measurements of sinusoidal surfaces, the diﬀer-
nce in the coherence topography [ Fig. 7 (B)] is highly likely to arise
rom the correction of the slope- and spatial frequency-dependent er-
ors in the original measurement that suﬀers from optical aberrations.
he diﬀerence in the high-precision topography is mainly due to the re-
oval of 2 𝜋 phase jumps through the fringe order correction. Although
here is no reference measurement for the AM surface, the observed phe-
omenon agrees with that concluded from the sinusoidal surface mea-
urements. 
. Conclusion 
The 3D STF is an informative metric for quantitatively evaluating
nd comparing the performance of an optical surface measuring instru-
ent in the linear regime, including the instrument’s response to vari-
us slope angles and spatial frequencies. A real optical 3D imaging in-
trument is never ideal and always exhibits some degree of aberration.
ptical aberrations cause retrace errors, dispersion errors, 2 𝜋 errors and
ther slope- and spatial frequency-dependent errors in a CSI instrument.
lthough these errors are well-known and have been corrected to some
egree in the past, most of the correction methods are applied to the
easured surface height data as post-processing approaches. 
We demonstrate here the experimental veriﬁcation of the foil-model
ased characterisation of the 3D STF of a CSI instrument, and a practical
ethod for compensating lens aberrations in CSI through phase inver-
ion of the characterised 3D STF. The error correction is carried out at a
undamental level by modifying the raw 3D fringe data prior to surface
econstruction and any post-processing. 
Three freeform surfaces with varying slopes and spatial frequencies
nd an AM surface have been used as case studies to further validate the
haracterisation and error correction methods. Phase jumps have been
argely removed, and the discrepancy between CSI and contact stylus
easurement is reduced from a few tens of nanometres to 10 nm across
 170 μm ﬁeld of view, which is commensurate with the noise ﬂoor of
he stylus instrument. 
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[  Finally, this method may be applied to other 3D imaging modalities,
.g. imaging confocal microscopy and focus variation microscopy, which
an also be treated as linear systems and are known to exhibit similar
rrors when presented with high surface slopes [ 3 , 47 ]. 
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